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Distal urinary acidification from Homer Smith to the present. Since
Smith's time, the essential role of collecting duct intercalated cells in
controlling net acid excretion has been recognized. Rather than employing
an H-exchange mechanism, intercalated cells have V-ATPase on the
plasma membrane and in plasmalemma-associated tubulovesicles, which
functions in the bicarbonate reabsorption, regeneration, and bicarbonate
secretion required for acid-base homeostasis. Several distinct mechanisms
participate in regulating V-ATPase-driven H secretion in different cell
types: (1) Renal epithelial cells have the capacity to express different
structural forms of V-ATPase that have intrinsic differences in their
enzymatic properties. 2) The kidney produces cytosolic regulatory pro-
teins, capable of interacting directly with the V-ATPase, that may modify
its activity. V-ATPases in different cell types may differ in the degree to
which their activity is affected by regulatory factors, as a result of variations
in V-ATPase structure. (3) In the a intercalated cell, the number of active
V-ATPases on the luminal membrane is controlled in vivo by membrane
vesicle-mediated traffic that may require unidentified mediators. In the f3
intercalated cell, the number of active V-ATPases on the basolateral
membrane may be controlled by regulated assembly and disassembly,
responding directly to extracellular pH.
Homer Smith was a great believer in the power of comparative
physiology to reveal common principles in renal physiology. In his
1956 classic concise textbook, Principles of Renal Physiology [1],
Smith described a model for distal urinary acidification derived
from studies on kidneys from both mammals and amphibia. He
supported the view that the distal nephron reabsorbed bicarbon-
ate by secreting hydrogen ions through an "exchange mechanism"
with the capacity for sodium-hydrogen exchange or potassium-
hydrogen exchange.
It is fitting that Philip R. Steinmetz, Smith's last research fellow,
would shatter this model through his studies of the turtle urinary
bladder, showing that distal H secretion arose from an electro-
genie pump in the apical membrane that was coupled to sodium
and potassium only by the transepithelial potential difference [21.
Subsequent physiologic studies on the mammalian collecting duct
have largely supported this paradigm [3, 4].
We now know that the electrogenic H pump discovered by
Steimetz belongs to a class of enzymes called the vacuolar
H-ATPases (V-ATPases) [5]. V-ATPases residing on the plasma
membrane of renal tubular epithelial cells have an essential role in
H secretion in both proximal and distal nephron segments [6—8].
The kidney has the largest amount and activity of plasma mem-
brane V-ATPases of any mammalian tissue. V-ATPases are
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responsible for up to half of total renal H secretion, and over 1%
of daily ATP body consumption.
Distinctive properties of renal plasma membrane V-ATPases
V-ATPases are electrogenic proton translocating ATPases that
acidify endosomes, lysosomes, and other intracellular compart-
ments of the vacuolar system of all eukaryotic cells, including
fungal, protist, plant, and animal. V-ATPases are large multisub-
unit proteins, evolutionarily related and structurally similar to the
F0F1 H-ATPases [9], that are composed of more than ten
different polypeptides [10]. They contain a catalytic (V1) domain,
composed of peripheral membrane proteins, and a transmem-
brane (V0) domain, composed of intrinsic membrane proteins
[11], that transmits protons through the lipid bilayer.
The plasma membrane V-ATPases of hydrogen ion-transport-
ing renal epithelial cells have several features that distinguish
them from V-ATPases of intracellular organelles: (1) they reside
at densities as great as 1000 times those in intracellular mem-
branes [12]; (2) their amplified expression occurs in a cell-specific
manner [13, 14]; (3) they have a polarized distribution [13, 15] that
allows for vectorial secretion of hydrogen ion across the epithelial
layer; and (4) the plasma membrane V-ATPases of the nephron
are subject to physiologic regulation [6, 16, 17], enabling the
kidney to preserve acid-base balance.
Sites of V-ATPases in the nephron and their role in
bicarbonate reabsorption and H secretion
The distribution of V-ATPases in the nephron has been deter-
mined by immunocytochemical and physiologic methods. V-
ATPases are highly abundant in the initial segments of the
proximal tubule brush border, in agreement with physiologic
measurements indicating they account for 30 to 40% of proximal
tubule H secretion [7, 181. V-ATPases are present at moderate
levels in the thick ascending limb of Henle's loop and in distal
convoluted tubule, in accord with direct measurements suggesting
they contribute 10 to 15% and 20 to 40%, respectively, of H
secretion in these segments [19—23]. In the collecting duct, the
intercalated cells, comprising 40% of the epithelial cells, have
V-ATPases packed at densities estimated at 14,000 pumps//.tm2
[121 both on their plasma membranes and in a specialized
intracellular tubulovesicular system [13, 15, 24], and are respon-
sible for most of the hydrogen ion transport in these segments.
The cortical portion of the collecting duct has both acid-secreting
(a) and bicarbonate-secreting (13) subtypes of intercalated cells;
the outer medullary collecting duct has only a intercalated cells
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[4]. V-ATPases in the intercalated cells are probably responsible
for most of the cellular acid secretion [25—29; reviewed in 4],
although intercalated cells also have an H,K-ATPase that
secretes H in exchange for potassium reabsorption [301.
Hence, V-ATPases are important contributors to proton trans-
port throughout the nephron, with particular importance in
proximal tubule and collecting duct intercalated cells, and are
responsible for as much as 45 to 50% of total renal bicarbonate
reabsorption and H secretion.
Mechanisms for control of renal H secretion
In Smith's time, it was uncertain whether the distal nephron
secreted protons constitutively at a maximal rate, or whether it
adjusted the rate of H secretion to physiologic demands. We
now know that distal H secretion is highly controlled, and that
several mechanisms participate in the regulation.
V-A TPase polarity as a determinant of transport phenotype
In the kidney collecting duct, polarity in the distribution of
V-ATPases provides a means for controlling H secretion. V-
ATPases may be polarized to the lumenal plasma membrane,
producing a proton-secreting a cell, or to the basolateral mem-
brane, yielding a bicarbonate-secreting 13 cell [13]. Rates of H
and HC03 transport can be varied independently in the two cell
types [31—33], enabling the tubule to secrete bicarbonate during
metabolic alkalosis, and to reabsorb bicarbonate during acidosis
[41. In the outer medullary collecting duct, intercalated cells have
V-ATPases only in the lumenal pole, [15, 34], consistent with
physiologic evidence (reviewed in [4]) that no bicarbonate secre-
tion occurs in these segments.
Variations in V-A TPase intrinsic enzymatic properties
and structure
V-ATPases, isolated by immunoaffinity purification from differ-
ent membrane fractions of mammalian kidney [35—37], have
distinctive enzymatic properties, including differences in pH op-
tima, response to changes in lipid environment and divalent and
multivalent ions, and substrate specificity [5]. Variations in the
structure of the B [36] and E subunits [381 have been described in
these preparations, which may be responsible for the enzymatic
differences. Two isoforms of the B subunit have been identified
that are encoded by different genes [14]. Immunocytochemistry
using antisera specific for individual B subunit isoforms has shown
that the BI ("kidney") isoform is located predominantly in the
intercalated cells and is not present in the proximal tubule; the B2
("brain") isoform is abundant in the proximal tubule, but is
undetectable in the intercalated cells [14, 391. These findings
indicate that intrinsic differences in V-ATPases, manifested as
distinct structural forms of the V-ATPase, that have different
distributions in the nephron and significant differences in enzy-
matic properties, provide one means for specificity in the control
of V-ATPase proton transporting activity.
Cellular regulation of the renal epithelial cell V-A TPase
In Principles of Renal Physiology, Smith discussed the studies by
Pitts and colleagues on the response of human subjects to NH4C1
administration. He indicated that "there was no evidence that the
[distal] Htexchange mechanism is accelerated during metabolic
acidosis", and that alterations in the delivery of bicarbonate to the
distal nephron could account for the response [11. Investigations
in the intervening years have shown that the collecting duct has a
central role in the regulation of net acid secretion, employing
several cellular mechanisms.
V-A TPase recruitment by vesicular traffic and regulated assembly
and disassembly
In normal rat kidneys, a intercalated cells in the medullary
collecting duct have some V-ATPase on the lumenal membrane,
but most of the enzyme is distributed in a specialized intracellular
tubulovesicular system in the apical pole of the cell. In rats
subjected to a sustained increase in non-volatile acid intake (given
as oral NH4C1), the V-ATPase undergoes a profound redistribu-
tion. After 14 days, the intercalated cells have most of the
V-ATPase on the plasma membrane [24, 34], and exhibit a
profound loss of intracellular tubulovesicles from the apical
cytoplasm [24]. These morphologic changes are thought to reflect
an increase in H secretory state of the cell [40]. Similar changes,
although less extreme, occur in a intercalated cells of the cortical
collecting duct in response to acid administration [341.
Regulated assembly and disassembly is a newly discovered
mechanism for controlling the number of functional V-ATPases
in a membrane. Following the assembly of a complete V-ATPase
protein, the V1 domain of the V-ATPase may detach and release
a subcomplex of A and B subunits that may reassemble with newly
synthesized "stalk" subunits such as the E subunit (S.L. Gluck,
manuscript submitted for publication). In LLC-PK1 cells, disas-
sembly of half of the cellular V-ATPases may be induced by
lowering extracellular pH to 5.5 for 60 minutes. Disassembly is pH
dependent, ATP dependent and rapidly and completely revers-
ible. Reassembly does not require new protein synthesis (S.L.
Gluck, manuscript submitted). This process is not unique to
LLC-PK1 cells, and occurs in several cultured cell lines.
No experiments have yet demonstrated directly that regulated
assembly and disassembly participates in controlling renal H'
secretion. Studies in tubules taken from acidotic animals [41—43]
and in vitro in isolated perfused tubules incubated in acidic bath
buffers [44, 45] have demonstrated that cortical collecting tubule
bicarbonate secretion is lost rapidly without any detectable change
in H secretion. These observations suggest that the mechanism
controlling bicarbonate secretion by /3 intercalated cells is funda-
mentally different from the mechanisms (such as vesicular traffic)
that control Ht secretion in a intercalated cells. V-ATPase
disassembly, induced by low extracellular pH, is an attractive
candidate for a mechanism controlling bicarbonate secretion, as it
could explain the rapid loss of bicarbonate secretion observed in
acid-bathed tubules in vitro.
V-ATPase kinetic regulation
An adverse proton electrochemical gradient across the mem-
brane in which the V-ATPase resides suppresses the rate of H
transport in tight urinary epithelia [46]. Since the V-ATPase is
electrogenic, the effect in H secretion is equivalent whether the
proton-motive force is generated by pH gradients or electrical
gradients [47, 481, and is thought to represent a direct influence on
the turnover rate of the V-ATPase [48]. Kidney cytosol also
contains both an inhibitor and an activator protein that modify the
activity of the purified kidney V-ATPase, and may have a role in
kinetic regulation [49, 50].
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Fig. 1. Summary of mechanisms for cell-specific regulation of the V-A TPase in the collecting duct. fi The proton electrochemical gradient LH+ across
the luminal membrane alters V-ATPase kinetics. © The collecting tubule expresses V-ATPase with distinct enzymatic properties containing the Bi
isoform and a single detectable E subunit polypeptide. © Cytosolic regulatory proteins may affect collecting tubule V-ATPase activity by altering its
kinetics directly; effect may be selective for specific structural variants. ® In the IS intercalated cell, the number of active V-ATPases on the luminal
membrane is controlled in vivo, in response to changes in PaCO2 or plasma bicarbonate, by membrane vesicle-mediated traffic that may require
unidentified mediators. © In the f3 intercalated cell, the number of active V-ATPases on the basolateral membrane may be controlled by regulated
assembly and disassembly, responding directly to extracellular pH.
Changes in V-ATPase content
Chronic administration of acid to rats produces no detectable
increase in V-ATPase content of the kidney measured directly by
immunoassay [34]. Several investigators have found changes in
N-ethylmaleimide-inhibitable ATPase activity or bafilomycin-sen-
sitive ATPase in the kidney under various pathophysiologic
conditions [51—531. The specificity of these assays as an index of
V-ATPase remains unproved. At this writing, there is no direct
evidence that alteration in V-ATPase content is used to regulate
H transport.
Acute and chronic regulation of V-ATPase activity
Of the several factors have acute effects on collecting duct H
secretion [54, 55], aldosterone, carbon dioxide, and bicarbonate
are the most significant. Acutely lowering or raising basolateral
bicarbonate at constant PCO2 stimulates or inhibits H secretion,
respectively [26], and lowering [26] or raising the PCO2 [56] at a
constant basolateral bicarbonate concentration respectively inhib-
its or stimulates H secretion. As discussed above, in intact rats
subjected to sustained NH4CI intake, V-ATPase is recruited to
the luminal membrane of a intercalated cells by vesicular traffic
[24, 341, changes thought to reflect an increase in H secretory
state of the cell [40]. In contrast, several studies have demon-
strated either in collecting tubules removed from acid-loaded
animals and examined in vitro [42, 57] or in tubules subjected to an
acidic bath in vitro [45], that H secretion is unchanged (although
bicarbonate secretion is markedly suppressed). These findings
suggest that unidentified factors in the intact animal, missing in
tubules studied in vitro, are required to evoke the acidosis-induced
recruitment of V-ATPases to the luminal membrane by vesicular
traffic. In support of this concept, our laboratory examined the
determinants of vesicle-mediated V-ATPase recruitment to the
luminal membrane in a intercalated cells both in vivo and in vitro
(M. lyon and S.L. Gluck, manuscript submitted). Administration
of Na4CI to rats induced redistribution of cell V-ATPase from
cytosolic vesicles to the apical membrane that was detectable at
two hours, > 50% maximal by 24 hours, and maximal after three
days. Following the administration of NH4CI, the kidneys were
removed and 0.75 tm medullary slices were prepared and incu-
bated in vitro. The polarization of a intercalated cell V-ATPase,
assayed as the percent of intercalated cells with plasma membrane
staining, was 10.9%, 9.6%, and 12.1% of the initial values at one,
two, and three hours, indicating that loss of V-ATPase polariza-
tion occurs rapidly during in vitro incubation. Since reducing bath
HC03 concentration in vitro does stimulate H secretion [26],
the response may arise from mechanisms other than recruitment
of V-ATPase by vesicular traffic, such as changes in the kinetics of
the V-ATPase. Future work may reveal, for example, whether
cytosolic regulatory proteins have a role.
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Summary
Since Smith's time, the essential role of collecting duct interca-
lated cells in controlling net acid excretion has been recognized.
Rather than employing an H -exchange mechanism, intercalated
cells have V-ATPase on the plasma membrane and in plasmale-
mma-associated tubulovesicles, which functions in the bicarbon-
ate reabsorption, regeneration, and bicarbonate secretion re-
quired for acid-base homeostasis. Several distinct mechanisms
participate in regulating V-ATPase-driven H1 secretion in differ-
ent cell types (Fig. 1): (1) Renal epithelial cells have the capacity
to express different structural forms of V-ATPase that have
intrinsic differences in their enzymatic properties. (2) The kidney
produces cytosolic regulatory proteins, capable of interacting
directly with the V-ATPase, that may modify its activity. V-
ATPases in different cell types may differ in the degree to which
their activity is affected by regulatory factors, as a result of
variations in V-ATPase structure. (3) In the a intercalated cell,
the number of active V-ATPases on the luminal membrane is
controlled in vivo by membrane vesicle-mediated traffic that may
require unidentified mediators. In the 13 intercalated cell, the
number of active V-ATPases on the basolateral membrane may
be controlled by regulated assembly and disassembly, responding
directly to extracellular pH.
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